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Neutrino Oscillation

e Produced and detected in 3 flavor states;

e Propagate in mass states; e -
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IceCube Neutrino Observatory

e 1 kmA3 neutrino detector deep
under South Pole ice;

e 5160 digital optical modules (DOMs)
detect Cherenkov photons emitted
during neutrino interactions;

e DOMs record pulse charges & times

e DeepCore: denser configured
sub-detector, can observe GeV-scale
neutrinos;

50m

1450 m

2450 m
2820 m

IceCube Lab

IceCube Array

/78 |C strings
8 DC strings

60 DOM/str

DeepCore

Eiffel Tower
3 324 m

»




List of Reconstructed Variables

Reconstructions: Track-like events: Cascade-like events:

v,CC, 17% v CC v_CC, NC,v CC
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Direction (L)

PID

Interaction vertex
Muon classifier
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GeV-Scale CNN Architecture

- Only use DeepCore & nearby IceCube strings
- Five CNNs trained & optimized separately

DeepCore 8 convolutional layers
(8 x 60 x 5) ]
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Flatten layer & 1 fully
connected layer
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Inputs: 5 summarized
variables

- sum of charges

- time of first (last) pulse

- charge weighted mean
(std.) of times of pulses

‘oset Regression:

- Energy, direction,
interaction vertex

Classification:

- PID, muon classifier




Training Samples Muon Classifier

4.2 million in total

- Balanced MC samples;
- Energy, direction, interaction vertex are trained on v,

CC events (signal);
- PID and muon classifiers are trained on balanced
samples.
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Testing Samples

- Nominal MC sample with flux, xsec, and oscillation weights applied;
- Testing on signal (v, CO) and major background (v, CC);
- Baseline: current reconstruction method (likelihood-based) K-Leonard lceCube
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Reconstruction Performance

- Flat median against true neutrino energy and zenith;
- CNN has comparable resolution to current method, and better at low energy
(majority of sample)
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Performance: Vertex

- Selecting events starting near DeepCore;
- Comparable purities in selected v, CC samples.

c
RS -
b= 9 s
c 2 ) o) g 0.02
o S st S
= O o
0 o
o ()
X g
= 2
: g
b 17}
O < 2 3
€ T 5
© o054 0.46 S S| o2 0.71
5 3 5
Conatined Uncountained Conatined Uncountained

Truth Truth




Performance: Muon and PID Classifiers

- Comparable performance to the current methods:
- Similar AUC values.
- Hard to identify track from cascades at low energy — less DOMs see photons.

Muon Classifier v, CC vs. other neutrinos
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Performance: Speed

Second per file Time for full sample
(~3k events) assuming 1000 cores
CNN on GPU 21 ~ 13 minutes
CNN on CPU 45 ~ 7.5 hours
Current Likelihood-based 120,000 ~ 46 days
method (CPU only)

e CNN runtime improvement: ~6,000 times faster;
o CNNs are able to process in parallelize with clusters — can be even faster!
e Big advantage: large production of full Monte Carlo simulations ~O(108).



Preliminary Sample

- Event processings up to final level

shared with the current analysis: k.
Leonard IceCube plenary talk

- Final sample: high signal (vﬂ CC) and
low background (noise and
cosmic-ray muon) rates (~0.6%).
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Measuring Oscillation

IceCube Work in Progress

Measure atmospheric muon neutrino disappearance in o
3D binning: reconstructed [energy, cos(zenith), PID]
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e PID discriminates v, CC vs. all other interactions
e Robust against systematic uncertainties
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Oscillation Sensitivity

Oscillation analysis using CNN reconstruction 34, — DeepCore CNN sensitivity 2022
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Future

The Upgrade detector:

e More densely instrumented strings in

the center
e DOM: multiple PMT designs
e Target deploying 2024/25

New reconstruction methods needed:

CNN is one solution
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Conclusion

e CNNs are used for multipurpose reconstructions for IceCube oscillation analysis:

o Energy, direction, interaction vertex;

o PID (numu CC vs. background neutrinos), muon classifier.
e Approximately 6000 times faster in runtime than the current method,;

o Big advantage for IceCube full production — large atmospheric neutrino sample.
e CNNs have better or comparable performances to the current reconstruction method;

e Ongoing and future work:
o numu disappearance analysis using CNN reconstructions;
o Optimizations on CNN itself;
m Train for “ending point”, etc.
o Implement it for future experiment — Upgrade.



,U
>
g
4=
(2]
N

. N
o
N
+
9]
©
Ll

-]

1 Z




Training Samples

Muon vs Neutrino Classifier Training Sample

NuMu
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Track vs. Cascade Classifier Training Sample

17500
215000

12500

Cascade
50.0%

10000

5-200 Ge Tragk
e 50.0%
7500 6 m|”|0n

5000

number of events (unweighted)

2500

200 300 0.0 0.5 1.0 1.5 2.0 2:5 3.0
Energy (GeV) Zenith (rad)



S. Yu, et al. ICRC 2021 proceeding.

IceCube Work In Progress
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- Direction bias flat against true energy;
- Comparable to current method; I —
- Better resolution for v, CC (signal); True Neutrino Energy (Ge)
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Performance: Energy

e Flat median against true neutrino energy;
o CNN has better resolution at low energy (majority of sample)
e Comparable performance to current method at higher energy and in

background;
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Performance: Zenith

e Flat median against true direction;
e Comparable to current method in both signal and background.
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Reconstructed - True cos(zenith)

Performance: Zenith
(Contained, 5-300 GeV Sample)
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Performance: Zenith (Analysis Samples)

Cosine Zenith Resolution True Energy Dependence for v Track
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Performance: Vertex

Efficiency matrixes

CNN Prediction

Inside

Outside

94.48% 42.75%
of truth of truth
5.52% 57.25%
of truth of truth
Inside Outside

APS April Meeting 2022, Shiqi Yu
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Systematic Effect: Neutrino Flux Model

Neutrino flux spectral index variation has different signature to expected

oscillation signal
Cascade-like Mixd
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Physics Motivations: Neutrino Oscillations

v, Y, * Neutrino flavor eigenstates are
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IceCube Oscillation Results

Main results + current projection on sensitiv Projected Sensitivity
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